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SUMMARY 


In a cooperative effort with the U.S. manufacturers of large transport aircraft , 
NASA has conducted an extensive program to provide a systematic study of well-known 
conventional and advanced-technology airfoil design concepts over a wide range of 
Reynolds numbers. This airfoil program, referred to as the Advanced Technology 
Airfoil Test (ATAT) program, was conducted in the 8- by 24-inch two-dimensional test 
section of the Langley 0,3-Meter Transonic Cryogenic Tunnel (0.3-m TCT) . 

The results presented in this report are from a NASA/U.S. industry airfoil 
investigation conducted as a part of the ATAT program. The industry participant for 
this investigation was the Douglas Aircraft Company, and the airfoil tested was their 
DLBA 032. Test temperature was varied from 227 K (409°R) to 100 K (180°R) at pres- 
sures ranging from about 159 kPa (1.57 atm) to about 514 kPa (5.07 atm). Mach number 
was varied from 0.50 to 0.78. These variables provided a Reynolds number range 
(based on airfoil model chord) from 6.0 x 1G 6 to 30.0 x 10 6 . The tests were con- 
ducted with and without sidewall-boundary- layer removal, and removal rates varied 
from 1 to 2 percent of the test-section mass flow. This investigation was specifi- 
cally designed to (1) test a Douglas airfoil from moderately low to flight-equivalent 
Reynolds numbers; and (2) systematically evaluate the effects of sidewall boundary 
interference by using the sidewall-boundary-layer removal system. 

All the objectives of the investigation were met. The aerodynamic results are 
presented as integrated force and moment coefficients. These data show the expected 
changes in the airfoil characteristics with increasing Mach number, such as increased 
normal- force slope, increased drag force, and increased nose-down pitching moment. 

The data also show that increasing Reynolds number results in increased normal force, 
increased nose-down pitching moment, and, generally, decreased drag force. Addi- 
tional data are included which show the effects of fixing transition and sidewall- 
boundary- layer removal. Model design, model structural integrity, and the overall 
test experience are discussed. 


INTRODUCTION 

Research on advanced- techno logy airfoils has been stimulated in recent years by 
the interest in developing energy-efficient transport aircraft for the subsonic 
flight regime. In support of this airfoil research, the National Aeronautics and 
Space Administration (NASA) has recently completed an extensive program to provide a 
systematic study of both conventional and advanced- techno logy airfoil concepts over a 
wide range of Reynolds numbers. This airfoil testing program, described in refer- 
ence 1, is referred to as the Advanced Technology Airfoil Tests (ATAT). References 2 
through 27 report some of the results obtained from other investigations during the 
ATAT program. 

Much of the advanced-airfoil testing portion of the ATAT program has been 
carried out in cooperation with the U.S. aircraft industry. Three of the major U.S. 
manufacturers of large commercial transport aircraft (Boeing (ref. 5) , Lockheed 
(ref. 10) , and Douglas) have participated in the advanced-airfoil phase of the pro- 
gram by providing technical personnel, airfoil design concepts, and airfoil models. 
The overall objectives of the ATAT program are (1) to provide the industry 









participants with the opportunity to test and compare their advanced airfoils with 
the latest NASA designs at high Reynolds numbers in the same facility; (2) to provide 
industry with experience in cryogenic wind-tunnel model design, construction, and 
testing techniques; (3) to expand the high Reynolds number airfoil data base; and 
(4) to provide each participant with the opportunity to evaluate their current level 
of airfoil technology. 


The results presented in this report are from an investigation of a Douglas 
Aircraft Company (Douglas) advanced-technology airfoil conducted as part of the ATAT 
program. The model was designed and fabricated by Douglas, and some details of the 
model design, fabrication techniques, and operational experience are included herein. 
The tests were conducted in the Langley 0.3-Meter Transonic Cryogenic Tunnel (0.3-m 
TCT) with a two-dimensional 8- by 24-inch test section installed. A description of 
the design and operating characteristics of the facility are given in reference 28. 
Test total temperature was varied from 227 K (409°R) to 100 K (180°R) at pressures 
ranging from about 159 kPa (1.57 atm) to 514 kPa (5.07 atm). Mach number was varied 
from 0.50 to 0.78. The tests were conducted at Reynolds numbers (based on chord) of 
6 x io , 15 x io , and 30 x 10 6 . Sidewall-boundary- layer removal ranged from 1.0 to 
2.0 percent of the test-section mass flow. Aerodynamic results are presented as 
integrated forces and moments. Detailed pressure distributions and airfoil coordi- 
nates are not included in this report. 

The Douglas objectives of the ATAT program were somewhat different from other 
ATAT participants, because they already had experience in the testing of transonic 
airfoils at cryogenic conditions in the Douglas transonic, blowdown One-Foot (1-CWT) 
Cryogenic Wind Tunnel. (See ref. 29.) Also, they already had a good high Reynolds 
number data base on the airfoil selected for this ATAT program from extensive test- 
ing, with and without sidewall-boundary-layer removal, in the National Aeronautical 
Establishment (NAE) facility in Ottawa, Canada. Consequently, the Douglas ATAT pro- 
gram focused on evaluating sidewall-boundary- layer effects on transonic airfoil per- 
formance characteristics through a systematic variation of sidewall-boundary-layer 
removal. An interesting aspect to consider in the evaluation of sidewall-boundary- 
layer effects is that in the NAE facility the sidewall boundary layer is removed from 
around the model through a porous plate and turntable. (See ref. 30.) In the 0.3-m 
TCT, however, the sidewall boundary layer is removed from a porous plate upstream of 
the model. (See ref. 11.) Therefore, the results from the 0.3-m TCT have also been 
used to establish a data base to compare with the data base obtained for the same 
airfoil configuration in the NAE facility for the two different methods of sidewall- 
boundary- layer removal . 


SYMBOLS 

The measurements are presented in the International System of Units (SI) , with 
the U.S. Customary Units in parentheses when needed for clarity. 

BL boundary layer 

b airfoil model span, 20.32 cm (8.0 in.) 

c airfoil model chord, 15.24 cm (6.0 in.) 

c d 


section drag-force coefficient from wake measurements 


c m section pitching-moment coefficient about model quarter-chord point 

c n section normal-force coefficient from airfoil pressures 

M free-stream Mach number (downstream of perforated sidewall plates) 

M mean value of Mach number for a given angle-of-attack polar (a polar is 

defined as an angle-of-attack sweep for nominally constant M, R 
and m bl ) 

m b i sidewall-boundary- layer removal, percent of test-section mass-flow rate 

R Reynolds number based on airfoil chord 

x chordwise distance from leading edge of model (positive measured aft) , 

cm (in.) 

y spanwise distance from centerline of tunnel and model (positive measured 

toward right-hand side), cm (in.) 

°t uncorrected angle of attack (positive measured from tunnel centerline up 

to airfoil reference line) , deg 

O standard deviation from mean value of Mach number M 

°m maximum deviation from mean value of Mach number M 


WIND TUNNEL AND MODEL 
Wind Tunnel 

The tests of the Douglas Aircraft Company DLBA 032 airfoil were made in the 
8- by 24-inch two-dimensional test section of the 0.3-Meter Transonic Cryogenic 
Tunnel (TCT) . Figure 1(a) is a photograph of the tunnel, and figure 1(b) is a 
schematic of the tunnel. The passive system of boundary-layer removal is described 
in reference 3. A photograph of a typical test section setup with boundary- layer 
removal is shown in figure 2(a). In this photograph, the plenum lid and test-section 
ceiling have been removed to show the model installation. For the tests presented in 
this paper, the boundary-layer rakes shown in figure 2(a) were not installed. A 
side-view schematic of the test section is shown in figure 2 (b) , including the tra- 
versing survey probe which holds the momentum rake. This tunnel is a continuous- 
flow, fan-driven, transonic tunnel which uses nitrogen gas as the test medium. For 
this test, 5-percent open-slotted walls were installed on the floor and ceiling to 
reduce model blockage. The tunnel is capable of operating at stagnation temperatures 
from about 80 K (144°R) to about 327 K (589°R) and stagnation pressures from slightly 
greater than 101.3 kPa (1 atm) to 607.8 kPa (6 atm). Test-section Mach number can be 
varied from about 0.2 to 0.85. The ability to operate at cryogenic temperatures and 
607.8 kPa (6 atm) pressure provides an extremely high Reynolds number capability at 
relatively low model loadings. 

The two-dimensional test section contains computer-driven angle-of-attack and 
momentum-rake systems. The angle— of— attack system is capable of varying the angle 
of attack over a range of about 40°. The momentum rake, located just downstream of 
the airfoil (see fig. 2(b)), provides up to five total-pressure measurements across 
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half the width of the tunnel. These pressures are converted to drag levels and pro- 
vide a mechanism for determining the extent of two-dimensionality in the flow. The 
momentum-rake system is designed to traverse automatically through the wake, deter- 
mine the boundaries of the wake, and then step through the wake at a selected rate 
and number of steps. Both the angle-of-attack and momentum-rake systems have a 
manual override capability. Additional design features and characteristics regarding 
the cryogenic- tunnel concept, in general, and the 0.3-m TCT, in particular, are pre- 
sented in references 28 and 31 through 33. 


Model 

The airfoil model used in this test was a 12.28-percent-thick supercritical air- 
foil with a chord of 15.24 cm (6.0 in.). The model was designed and fabricated by 
Douglas in accordance with NASA aerodynamic and structural requirements for the ATAT 
program models. Aerodynamic tolerances as specified by the ATAT program were gen- 
erally satisfied with airfoil contour accuracies of ±0.00254 cm (0.0010 in.), a 
surface finish of 1.016 x 10“ 4 mm (4.0 x 10" 6 in.) root mean square, and closely 
spaced chordwise distribution static-pressure orifices. The structural requirements 
were satisfied for the specified model chord and span dimensions. A material was 
selected that was cryogenically acceptable, with safety factors of at least 3 at all 
operating conditions and Charpy impact strengths greater than 93.55 J (69.00 f t-lbf ) . 

Instrumentation in the airfoil model included 76 static-pressure orifices dis- 
tributed in 3 chordwise rows near the midspan, 15 spanwise pressures distributed in 
3 spanwise rows (see table 1), and 19 thermocouples (see table 2) distributed 
throughout the airfoil. The thermocouples were used to ensure that model tempera- 
tures had stabilized prior to taking data. Figure 3 is a schematic which indicates 
the locations of the orifices and thermocouples. A photograph of the Douglas model 
installed in the sidewall inserts of the 0.3-m TCT test section is shown in figure 4. 

Model fabrication .- The model was fabricated at Douglas from Armco Nitronic 40 
stainless steel, a cryogenically acceptable material. Two-piece construction was 
used with the split line of the two halves beginning at a point approximately 
5 percent aft of the leading edge on the lower surface and bisecting the trailing 
edge. The contouring was performed in stages to allow for material stabilization 
and to reduce the possibility of model distortion. A wire EDM (electrical discharge 
machining) process was utilized because of the excellent accuracies provided by this 
method. Thermal cycling of the model in liquid nitrogen and surface inspection prior 
to and following rough EDM machining was performed. Instrumentation grooves and 
trenches for the pressures and thermocouples were then EDM machined in the separated 
pieces. Figure 5 is a photograph of the inside surfaces of the model at this stage 
of construction. The next steps were to temporarily bolt the halves together with 
the 3M Company EC- 2216 B/A adhesive used to bond the trailing-edge section of the 
model. The final airfoil contour was EDM machined to 0.00254 cm (0.001 in.) and 
hand polished to the required finish. The model parts were again separated, holes 
for the pressure orifices were drilled, and the instrumentation was installed. 
Pressure tubing, with a 0.0787-cm (0.0031-in.) outside diameter, was located inside 
the trenches and glued in place with Dexter Corporation Hysol 9309, a cryogenically 
acceptable epoxy. In the final assembly, the two halves were bolted together using 
Loctite Corp. Locklite 262 (RED) on the threads, and EC-2216 B/A adhesive was used 
to bond the trailing-edge joint. The exposed bolt holes on the lower surface were 
filled with a mixture of Hysol 9309 and type S-100 carbospheres (100-ym diameter 
carbon powder purchased from Versar Manufacturing, Inc.). 
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Model stress analysis .- The Douglas stress analysis used a conservative loading 
distribution based on a maximum model normal force of 6672 N (1500 lbf) . Stress 
calculations in the various critical regions were performed for ambient-temperature 
model conditions (conservative) and accounted for stress concentration factors using 
Nitronic 40 material properties. Classical structural analysis methods were used, 
which resulted in safety factors of three or greater. Consideration was also given 
to the cryogenic effects on the shear pins and mechanical fasteners used in the 
assembly of the model. Results indicated satisfactory compliance with safety factors 
for the temperature range to be tested. The decambering effect of trailing-edge 
movement under load was calculated to be 0.00762 cm (0.0030 in.); therefore, exten- 
sive aeroelastic studies during the wind-tunnel test were considered unnecessary. 

Model accuracy and integrity .- Contour inspection of the model was performed 
with a Zeiss coordinate measuring machine. The contour was generally within the 
specified tolerance near the centerline of the model, with the exception of two 
extreme points which measured within 0.00508 cm (0.0020 in.) and -0.00381 cm 
(-0.0015 in.) of the nominal airfoil contour. Seven spanwise inspection stations 
were chosen with 33 chordwise locations inspected on each of the upper and lower 
surfaces. The locations of the pressure orifices, with diameters of 0.0432 cm 
(0.017 in.), were also found using the Zeiss machine. The surface finish was mea- 
sured with a profilometer as 1.016 x 10“ 4 mm (4.0 x lo -6 in.) root mean square. 

Prior to installation in the tunnel, the model was "cryocycled" three times from 
ambient to cryogenic temperatures and back at a rate similar to actual operating con- 
ditions in the 0.3-m TCT. The thermocouple located midspan at the leading edge was 
used to determine model temperature equilibrium during the test. The "cryocycling" 
did not alter the shape of the model and indicated that the model was acceptable for 
cryogenic testing. 


TEST APPARATUS AND PROCEDURES 
Test Instrumentation and Apparatus 

A detailed discussion of the instrumentation and procedures selected for the 
calibration and control of the 0.3-m TCT can be found in reference 28. For two- 
dimensional airfoil tests, the 0.3-m TCT is equipped to measure static pressures on 
the airfoil model surface, total pressures in the model wake, and static pressures on 
the test-section sidewalls, floor, and ceiling. The pressures are measured with 
individual transducers, except for the tunnel floor and ceiling pressures, which are 
measured with a scanning valve system. Because of the large changes in the pressure 
of the tunnel over its operational range, commercially available, high-precision, 
variable-capacitance pressure transducers are used instead of conventional strain- 
gauge pressure transducers. For airfoil model tests, the data are derived from 
(1) the pressure distributions around the airfoil model, (2) the definition of the 
wake defect, and (3) the corresponding angle of attack. 

Airfoil model pressures .- The pressures on the airfoil model are measured by 
individual transducers connected to tubing from each orifice on the model. The 
pressure transducers are located adjacent to the test section in order to reduce 
response time. To provide increased accuracy, the transducers are mounted on thermo- 
statically controlled heater bases to maintain a constant temperature and on "shock" 
mounts to reduce possible vibration effects. The electrical outputs from the trans- 
ducers are connected to individual signal conditioners located in the tunnel control 
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Iv!ilabl£ a! 1 i f? have aut ° ranging capability and have seven ranges 
to^f * . re ! Ul the autora “ 3 ing capability, the analog electrical output 

to the data acquisition system is kept at a high level, even though the pressure 

diSerentLH ° perating a * the low end of ^ range. The maximum range of these 
tint If ttt tra "sducers is about ±6S9 kPa (±6.8 atm) with an accuracy of ±0.25 per- 
cent of the reading from -25 percent to 100 percent full scale. P 

Wg fre pressures .- A vertically traversing survey mechanism is located on the 
left sidewall of the two-dimensional test section downstream of the turntables. The 
primary purpose of this mechanism is to move a total-pressure probe rake through 
the airfoil wake to survey the total pressures within the wake. Details of this 
survey rake are shown in figure 6. The survey mechanism has a maximum traversing 
range of 25.4 cm (10 in.), 17.78 cm (7.0 in.) above the tunnel centerline and 
7.62 cm (3.0 in.) below the centerline. The rake support can be located with the 
^“■rsmant plane of the rake either at tunnel station 21.0 cm (8.3 “?) or « 

26*0 ™ nn’i ln ' ! ‘ t F ° r 1)118 te3t ' the wa * e survey measurements were made at the 
26.0- cm (10.2-in.) station, which placed the measurement plane about 1.2 chord 

! ream ° f the airi0il trailing edge * survey mechanism is driven by 

an electric stepper motor and is designed to operate at speeds from about 0.25 cm/sec 
(0.1 in. /sec) to about 15 cm/sec (6 in. /sec). The stroke (that portion of the 
** a * traversing range used in a given survey) and speed of the survey mechanism 
can be controlled from the operator's panel in the control room to suit the research 
requirements. The vertical position of the rake is recorded using the output from 
a digital shaft encoder geared to the survey mechanism. The active total-pressure 
are located on the survey rake at five spanwise stations: y(b/2) =0.0 

-0.125, -0.375, -0.500, and -0.750. Nine tunnel sidewall static-pressure taps are 
also provided in the measurement plane of the rake. Data from the static taps are 
used in the determination of the momentum loss, which is used to calculate airfoil 
drag coefficient, based on the method outlined in reference 34. More sensitive 
individual differential pressure transducers, with a maximum range of ±137.8 kPa 

( ° f the variable capacitance type described previously) , are used on 
each tube on the survey rake and for each of the sidewall taps. 

Angle of attack.- The angle-of-attack mechanism has a traversing range of ±20° 
which can be offset from 0° in either direction at model installation. The mechanism 
is driven by an electric stepper motor, which is connected through a yoke to the 
perimeter of both turntables. This arrangement drives both ends of the model through 
the angle-of-atteck range to eliminate possible model twisting. The angular position 
of the turntables and, therefore, the angle of attack of the model are recordS using 
the output from a digital shaft encoder geared to one of the turntables. 

Sidewall-boundary-layer removal .- A passive boundary- layer removal system (see 
lgs. 1, 2, and 7) was operated with the discharge from each sidewall exhausted 
directly to the atmosphere. In the passive mode of operation, the test-section 
static pressure must be at least 15 percent higher than the ambient pressure, and 
the maximum rate of mass that can be removed is limited to the rate of liquid nitro- 
gen that is being injected into the tunnel in order to maintain a steady operating 
condition. The perforated plates (figs. 2(a) and 7) that are used to remove the 9 
sidewail boundary layer are fitted flush on both sidewalls and are located upstream 
of the model. The plates currently in use have a nominal porosity of about 10 per- 
°® n J* ? he h °les are electron-beam drilled and have a nominal diameter of 0.275 ran 
(0.011 in.) and spacing of 0.75 ran (0.030 in.). The surfaces of the perforated 
plates are etched and polished to obtain a smooth surface. This surface preparation 
and fabrication technique ensured that there was no appreciable thickening of the 
boundary layer over the perforated plate compared with boundary-layer growth over 
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the more frequently used solid plates. Precise control of the rate of sidewall- 
boundary-layer removal by the passive system (see figs. 1, 2, and 7) is possible with 
the two digital valves and their associated controls. Each of the two digital valves 
' j. (fig. 7(b)) consists of a number of different sized calibrated binary sonic nozzles 
operating in either an open or closed mode. The sonic nozzles are used in appropri- 
ate combinations to give the required flow rate. The 11-bit digital valves have a 
'**' resolution of 0.05 percent and are microprocessor controlled. The microprocessor 

maintains a constant mass removal through the perforated plates at a level specified 
^ command set points. Each of the digital valves can be driven to a command set 
point by a feedback control loop which sets the mass flow in terms of either actual 
0 - rate of flow or percent of the test-section mass flow. The tunnel total pressure, 

[ static pressure, and total temperature are put into the microprocessor to determine 
the test-section mass-flow rate. The mass-flow rate through the digital valves is 
determined by the microprocessor from an input of the inlet total pressure and tem- 
perature from each of the two digital valves. The pressure at the junction of the 
two discharge lines from the digital valves is also input to the microprocessor to 
make sure that there is an adequate pressure drop (at least 15 percent) across the 
digital valve to have sonic flow through the nozzle element. 


Test Program 


The nominal test conditions used in this investigation are summarized in table 3 
in terms of Mach number, Reynolds number, percent sidewall-boundary-layer removal, 
and free or fixed transition. The Mach number and Reynolds number for these tests 
were selected from a limited Mach number, Reynolds number calibration at various 
levels of sidewall-boundary-layer removal. The calibration procedure with sidewall- 
boundary-layer removal is described in reference 16. The level of the sidewall 
removal for this investigation was selected at either 1.0 percent of the test-section 
mass-flow rate or at the maximum mass-flow rate available for the given test condi- 
tion. The extent of the effort to establish the effects of Mach number, Reynolds 
number, sidewall-boundary-layer removal, and transition (fixed and free) can be seen 
from table 3. 


Test Procedures 



Pressure data .- For the results reported herein, airfoil static-pressure data 
were taken in 1 second while the drag rake was in its first position. During the 
1 second, pressures from individual transducers for each orifice on the model were 
sampled 20 times and averaged to obtain the airfoil pressures. Also, 20 samples of 
total-pressure (wake-rake) data were taken and averaged at the first rake position. 
For each succeeding rake position (vertical) , the procedure for the rake data was 
repeated. When the wake rake was stepped to a new position, a 0.5-second delay was 
followed by the 1-second averaging period. Typically, for each angle of attack at 
each test condition, the rake was stepped in 75 increments through the wake. To pro- 
vide an optimum definition of the model wake, the vertical stroke of the rake (the 
distance traversed to define the wake) and number of steps within the stroke can be 
changed for each test condition, such as angle of attack or Mach number. For this 
test, the number of steps within the stroke was held constant at 75. However, the 
stroke was changod as required to survey the entire wake. 



Transition .- Transition strips were attached to the upper and lower Burfaceo 
during the final portion of the test program to evaluate their effect on the aero- 
dynamic characteristics of the model. The transition strips were sized for a chord 
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Reynold* number of 6 x 106 h u t were am * 11 „„„ . ^ , 

15 x 106 . The strips consi8ted of o. 041 -nan (0 9 ()016-in ^ * Reynolds number of 

placed in a 3.175-mm (0.125-in.) wide strip I ? 0 diameter 9 lass microbeads 

Bonding of the glass beads to the mo^el ^rfa^ w^ J?* chord line, 

spray adhesive, which was applied before and aft^TX^t 2 ^ 


DATA REDUCTION AND QUALITY 




n^uisiuon system 


oontoU.d'hiSn^j'SJ^JJ °” "“ 9 ' 1 ' ,tiC “t* “ith . conput.r- 
th. 0.3-m TCT . ni. 1 r*“ d lB th * co «™ 1 “*=* «■ 

ranges from 8.191 mV to 131 mV and a if 2 an * 1 ° g channels with five selectable 

were filtered with a 10 -Hs 1 ^-^L mt 2 ^ 1 P ? rt in 8191 ' * All analog^ 

used by the computer to scan the data acquisition *^**^" 9 *" d acquisition Program is 
on tape. 6 ta ac ^ uisit ion hardware and to write the raw data 


Through the use of a separate . 

ber, Reynolds number, stagnation pressure and ot-h^**-! V SUal displays of Mach num- 
provided on LED readouts on the tunnel mnf^ th f flow and tunnel parameters are 
time program provides man^U^a TXctiZf *2 °" * C0l0r CRT - ^ 

number for real-gas effects and tunnel calibration iJS' tio " 8 ' 8u ° h * 8 correcting Mach 
ratios and pressure coefficients which „» d calculatin 9 the local pressure 

determine values of o «d £ v^et of T int6grated “ ound «». airfoil to 
the total head loss through the model wake Loral*” COmputed on ~ line by integrating 
pressure ratios, local Mach wtoTs, toS'heS ' local 
model aerodynamic coefficients (c , c* and e » t 5 rc "?? h the model wake * and 
intelligent graphics terminal interfaced with thi C *" b f displayed graphically on an 
th.„ b. sent to , Plott.r/p r i„t.r; h “b p^ce^^pL.™” ~ 


Data Reduction 

effects imd t tunnel i caSbration?^ n Real-gas n effe C t 18 corrected for real-gas 

process using the thermodynamic properties of nitr^* included in *** dat * reduction 
Beattie- Bridgeman equation of sta^e Jm« ^ “ 948 calcula ted from the 

erence 35 to give essentially ^ «»e State *»“ been 8h <™ *» »*- 
results, in the temperature-pressure regime of the 0 S*?*??* 8 fl0W Calculation 
more complicated Jacobsen equation of S ' f “* given ** «» 

effects when testing in crvoaenie 1 ©tailed discussions of real-gas 

The test Mech number is M on the .wec^lo™! J*.J?* d i in r,, ‘ r,nCM 36 37. 

nsr *• * ,uncti °" •* ^ id< 

obtained from the wake survey pressures bv Drag coefficient is 

coefficient using the method^f referenee^r^^ 1 ^ “ incr «m«ntal or point drag 
then integrated across the model wake to obtlin^hI% POi " t dr * 9 coaffici ® n ts are 
survey plot of the wake-rakr^i.^^^.^* 9 ‘ A typical 
of survey width. (See fig. 3 in ref. 38 ) GeneLllJ lu dr * 9 88 a Action 

cetve. do not coincide with the s.ro «i., ^ 
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account for this zero shift. This method generates corrected drag coefficients 
referred to as CDC0R1 to CLC0R5 in reference 38. The corrected drag coefficients 
are used in the discussions of spanwise drag data in this report. For a given test 
condition, the corrected drag coefficient obtained from the tunnel centerline tube 
(y/(b/2) * 0) is assumed to be the drag coefficient for the airfoil at that condi- 
tion. The results from the data reduction process are presented in table 4. 


Data Quality 

Mach number fluctuations .- In transonic wind-tunnel testing, the ability to main- 
tain a constant Mach number as well as constant tunnel stagnation conditions has 
direct bearing on the quality of the final aerodynamic data. With individual pressure 
transducers on each of the model pressure orifices, and with all the model data being 
recorded in 1 second at the first rake step, Mach number fluctuations in the model 
data are virtually nonexistent. However, the possibility of some Mach number fluctua- 
tions during the time required for the 75 steps of the wake survey does exist. The 
Mach numbers and Reynolds numbers presented in table 4 are tabulated with increasing 
Reynolds number and increasing Mach number. All values of Mach number and Reynolds 
number were averaged from the 75 steps through the wake survey. To statistically 
determine the variation of Mach number, the mean, standard deviation, and maximum 
deviation of the Mach number are presented in table 4 for each polar (i.e., angle-of- 
attack sweep it a constant nominal Mach number, Reynolds number, and sidewall removal 
condition). The nominal test conditions are given in table 3. In general, the mean 
value of Mach number (for a polar) was within ±0.002 or less of the nominal Mach num- 
ber, and the standard deviation of Mach number for a given polar was about 0.002. In 
only a few instances did the maximum deviation go as high as ±0.005; it was generally 
on the order of ±0.002. 

Repeatability of data .- Two examples illustrating the ability to repeat che Mach 
number, normal-force, pitching-moment, and axial-force coefficients at a nominal Mach 
number of 0.730 and Reynolds number of 15 x lo 6 are shown in figures 8 and 9. In 
general, the repeatability of data is good for c n and c m for all angles of attack. 
For these conditions, the repeatability of c d is good up to a c n of about 0.7; 
however, above this value of c n , the c d is not as repeatable. The repeatability 
of the Mach number is as expected, based on typical tabular data of Mach number from 
pvevious tests. (See ref. 5.) 


PRESENTATION OF RESULTS 

The experimental data are presented with no corrections for wall interference 
effects due to the top and bottom slotted walls or to the sidewalls. A correction 
procedure that can be used to account for wall interference is described in refer- 
ence 23 and includes some typical corrected results from other tests in the 0.3-m TCT. 
An outline of the plotted aerodynami coefficient data presented herein is given 
below, along with the applicable figure references. The variation of Mach number is 
also presented in the figures that show the effect of free and fixed transition, 
Reynolds number, and sidewall-boundary-layer removal and is included to aid in 
assessing these effects on the basic aerodynamic characteristics of the airfoil. 
Caution should be used in placing much significance on the results at a high normal- 
force coefficient, where separation may be present on the model at the shock wave 
and possibly near the trailing edge. This separation may result in a deterioration 
of the two-dimensionality of the flow. In addition, at these conditions, the effects 
of tunnel sidewall-boundary-layer separation may be present. 




nip-jpu. 


Figure 

Repeatability of data: 

M * 0.730; R * 15.0 x 10®; m^i ■ 0; fixed transition 

M • 0.730; R » 15.0 x 10®; m 0; free transition 

Spanwise drag (with free transition) for several Mach numbers: 

R ■ 6.0 x io 6 ; = 0 

R ■ 15.0 x io®; ihj^ - 0 

r - 3o.o x io 6 ; - o .!!!.*!.*!!!!!. 'll '/. ***.~ 

Spanwise drag (with free transition) for several Reynolds numbers: 

M m 0.500; ■ 0 

M » 0.600; “0 
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m - o.750; At! - o ..!”!!!!!!!!!!! ! ! ! ! ! ! ! !!! * * 

M ■ 0.765; m^ *0 
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Effect of sidewall-boundary-layer removal on spanwise drag (with free 
transition) for several Mach numbers: 

R - 15.0 x io 6 

R • 30.0 x io® 



Spanwise drag for free and fixed transition for several Mach numbers: 
R » 6.0 x 10®; - 0 
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Effect of fixing transition on aerodynamic characteristics of airfoil 
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Effect of Reynolds number on aerodynamic characteristics of airfoil with 
fixed transition: 

M « 0.730; m bl = 0 

M * 0.765? m bl = 0 


Effect of Mach number on aerodynamic characteristics of airfoil with 
free transition: 
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Effect of Mach number on aerodynamic characteristics of airfoil with 
fixed transition: 

R * 6.0 x 10^; m^^ = 0 53 

R « 6.0 x 10®; = 1.0 54 

R - 6.0 x 106; m bl = 2.0 55 

R ■ 15.0 x 10®; ift b ^ = 0 56 

Effect of sidewall-boundary- layer removal on aerodynamic characteristics of 
airfoil with free transition: 

M • 0.600; R « 15.0 x 10 6 57 

M x 0.700; R x 15.0 x 10 6 58 

M x 0.730; R x 15.0 x 10 6 59 

M x 0.750; R x 15.0 x 10 6 * 60 

M - 0.765; R « 15.0 x 10 6 61 

M x 0.780; R « 15.0 x 10 6 62 

M x 0.600; R - 30.0 x 10 6 63 

M x 0.700; R - 30.0 x 10 6 .....!.. 64 

M ■ 0.730; R x 30.0 x 10® 65 

M « 0.750; R x 30.0 x 10 6 66 

M « 0.765; R - 30.0 x 10 6 67 

M « 0.780; R x 30.0 x 10 6 68 


Effect of sidewall-boundary-layer removal on aerodynamic characteristics of 


airfoil with fixed transition: 

M » 0.730; R « 6.0 x lo 6 69 

M » 0.765? R * 6.0 x IQ 6 . 70 

Effect of Reynolds number on variation of section drag coefficient with 

Mach number 72 

Effect of sidewall-boundary- layer removal on variation of section drag 

coefficient with Mach number 72 


11 


DISCUSSION 


Assessment of Two-Dimensionality of Flow 

The wake survey rake shown in figure 6 is equipped with several spanwise total- 
pressure probes which enable an assessment of the airfoil model drag levels across 
the tunnel and provide an indication of the two-dimensionality of the flow over the 
model. All these data are shown in figures 10 through 23. In these figures, the 
zero value for y/(b/2) is the centerline of the test section. The plots have been 
arranged to illustrate the effects of Mach number, Reynolds number, sidewall- 
boundary-layer removal, and transition (free or fixed) on the spanwise drag levels 
for various normal- force coefficients. Figures 10 through 12 show the effects of 
Mach number on the drag levels at three Reynolds numbers, all with no sidewall- 
boundary-layer removal and free transition. Figure 10 (R * 6.0 x 10^) indicates a 
nonuniform distribution for all levels of normal-force coefficient for Mach numbers 
greater than 0.6. At Reynolds number of 15.0 x 10 6 and 30.0 x 10 6 (figs. 11 and 12), 
the flow retains a two-dimensional character longer as the normal force and Mach 
number increase. 

Figures 13 through 19 show the effects of Reynolds number on the spanwise drag 
levels for Mach numbers from 0.50 to 0.78 with no sidewall-boundary -layer removal. 

For the Mach numbers tested, the effects on the spanwise drag levels due to an 
increase in Reynolds number from 15.0 x 10^ to 30.0 x 10^ are not significant. 
However, there is noticeable improvement of the drag levels and trends when the 
Reynolds number increased from 6.0 x 10® to 15.0 x 10^, especially at the lower 
values of normal-force coefficient. 

Figures 20 and 21 show the effects of sidewall-boundary- layer removal on the 
drag levels for Reynolds numbers of 15.0 x io 6 and 30.0 x 10 6 , respectively, with 
free transition. In general, the boundary- layer removal did not affect the spanwise 
drag levels or trends except at the highest normal-force coefficients. 

Figures 22 and 23 show the effects ',£ fixing transition (free and fixed) on 
the drag levels with no sidewall-boundary- layer removal. In general, figure 22 
(R - 6.0 x 10 6 ) shows that fixing the transition resulted in a more uniform spanwise 
drag distribution for normal- force coefficients below about 0.80. Figure 23 
(R - 15.0 x io 6 ) shows that fixing the transition had no effect on the two- 
dimensionality of the data except at the highest normal-force coefficient. 


Effect of Fixing Transition 

The effect of fixing transition with no sidewall-boundary-layer removal was 
examined over a Mach number range from 0.600 to 0.780 at a Reynolds number of 
6.0 x io 6 (figs. 24 through 29) and at Mach numbers of 0.730 and 0.765 at a Reynolds 
number of 15.0 x io 6 (figs. 30 and 31). At a Mach number of 0.600 and R * 6.0 x 10 6 
(fig. 24), there is very little difference between the fixed- and free-transition 
normal force and pitching moment; however, the drag is somewhat higher for the free 
transition. These differences become more pronounced at the lower angle of attack 
as Mach number increases (figs. 25 through 29). In addition, there is an increase 
in the normal force and nose-down pitching moment for the free-transition data at 
all angles of attack. The reason for this behavior is not obvious from the data 
presented in the report. At a Reynolds number of 15.0 x io 6 , there is very little 
difference in drag. This slight difference indicates that the boundary layer is 
turbulent close to the leading edge of the airfoil. 
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Effect of Reynolds Number, Mach Number, and Sidewall-Boundary-Layer 
Removal on Basic Aerodynamic Characteristics 

Figures 32 through 46 show the effects of Reynolds number (for each test Mach 
number and sidewall removal rate) on the basic aerodynamic characteristics of the 
airfoil. These results for free transition (figs. 32 through 44) exhibit a slight 
increase in both the normal force and nose-down pitching moment with increasing 
Reynolds number. The results for fixed transition (figs. 45 and 46) indicate a some- 
what larger increase in normal force and nose-down pitching moment than was observed 
for the free- transition data for an increase in Reynolds number from 6.0 x io 6 to 
15.0 x io 6 . The longitudinal stability parameter (dcn/dc^ appears to be relatively 
insensitive to changes in Reynolds number. Increasing Reynolds number generally 
reduced the level of drag with the exception of some of the data at high lift condi- 
tions at higher Mach numbers. 

In figures 47 through 56, the data have been plotted to show the effect of Mach 
number (at a given Reynolds number and sidewall removal rate) on the basic aerody- 
namic characteristic of the model. The data presented are representative of the 
trends seen in the normal force and pitching moment at all Reynolds numbers. The 
data indicate the usual increase in normal-force slope and nose-down pitching moment 
with increasing Mach number. In addition, it can be seen that stall occurs at pro- 
gressively lower angles of attack for the two highest Mach numbers. For Mach num- 
bers above 0.700, the slopes of the normal-force and pitching-moment curves become 
somewhat nonlinear above normal-force coefficients between 0.5 and 0.7. As the Mach 
number increases, there is a progressive increase in drag, and the greatest increase 
occurs at the higher Mach numbers associated with expected drag-rise effects, A 
comparison of figures 47 and 53 indicates that the increase in normal-force slope and 
nose-down pitching moment with increasing Mach number (R * 6.0 x 10 6 ) is less with 
fixed transition than with free transition. 

Figures 57 through 70 are representative of the effects of sidewall-boundary- 
layer removal (at a given Mach number and Reynolds number) seen on the aerodynamic 
data. The sidewall boundary layer was removed at a minimum level of 1.0 percent of 
the test-section mass flow. The higher levels of removal that were used for some 
conditions were the maximum sidewall removal that could be obtained at the particular 
Mach number and Reynolds number using the passive mode of removal. At a Mach number 
of 0.60, the normal force, pitching moment, and drag indicated virtually no effect of 
sidewall removal. At Mach numbers above 0.60, the effect of sidewall removal was to 
slightly decrease the normal force and slightly decrease the nose-down pitching 
moment above a normal-force coefficient of about 0.60. For Mach numbers above 0.730, 
the sidewall removal, in general, increases the drag level. 

Figure 71 summarizes effects of Reynolds number and transition fixing on the 
variation of drag with Mach number for normal-force coefficients of 0.60, 0.70, 
and 0.80. In general, the results show the expected decrease in drag coefficient 
with increasing Reynolds number and the characteristic drag rise at the highest Mach 
number, particularly at normal-force coefficients of 0.70 and 0.80. The increase in 
drag coefficient which occurs between low Mach numbers and the drag rise is referred 
to as "drag creep." The drag creep is a complex phenomenon which is highly dependent 
on the boundary layer and its impact on the resulting aerodynamic shape of the air- 
foil. (See ref. 39.) The data for the two highest normal forces in figure 71 show 
an increased drag creep with decreasing Reynolds number above a Mach number of 0.70. 
An examination of pressure distributions indicates that this increase in drag at the 
low Reynolds numbers is a result of the reduced aft loading, which results in a 
stronger shock required for a fixed normal force. In addition, as the normal force 
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increases, the drag creep also increases and extends to higher Mach numbers. There 
is no discernible trend or effect of fixing transition at a Reynolds number of 
15.0 x 10 6 , where the flow is turbulent very close to the leading edge. However, at 
a Reynolds number of 6.0 x 10 6 , fixing transition results in an increase in the rate 
of drag creep prior to drag divergence. This increase in drag creep could be the 
result of the elimination of aft-moving transition location with increasing Mach 
number. Without a means for determining the location of transition on the upper and 
lower surfaces of the airfoil, a precise cause for the increase in drag creep cannot 
be established. 

A summary of the effects of sidewall-boundary- layer removal on the variation of 
drag with Mach number for three normal-force coefficients are illustrated in fig- 
ure 72. The results in figure 72(a) at a Reynolds number of 6.0 x io*> are incon- 
clusive. However, at Reynolds numbers of 15.0 x 10 and 30.0 x 10 (figs. 72(b) 
and 72(c)), particularly at the lower normal-force coefficient where sidewall- 
boundary-layer separation is not a factor, the drag level (above the drag-rise Mach 
number) obtained without sidewall removal is more favorable than those obtained with 
removal. This is an indication of the increase in the effective (i.e., uncorrected) 
Mach number when sidewall-boundary- layer removal is not used. This trend is not as 
clear at the higher normal-force coefficients because of possible sidewall-boundary- 
layer separation coincident with separation at the shock on the model (based on 
model pressure data) and perhaps even near the airfoil trailing edge. 


K Model Assessment 

■ Model accuracies and surface finish are major considerations for the high 

i Reynolds number conditions available in the cryogenic pressure wind tunnel. There- 

Z fore, a thorough assessment of the accuracy of the model contours and a quantitative 

K definition of the model surface finish, both before and after the tests, are con- 

K sidered to be essential parts of the research program. The model performed well 

K throughout the test, and no structural problems were encountered with the load- 

1 carrying components of the model. A post-test examination of the model indicated no 

I change in the local hand-finished surface of the Hysol-carbon mixture used to fill 

B each of the numerous lower-surface bolt and pin holes. A post-test Zeiss coordinate 

§ inspection of the model planform and contour revealed no deviations in shape as a 

e result of repeated cryogenic cycling. The densely oriented static-pressure orifices 

H anc j surface thermocouples worked without failure throughout the test, except for 

% those orifices which were identified as being questionable prior to the beginning of 

I the test. The glass-bead transition strip also performed adequately during the last 

Sj phase of testing (i.e., fixed transition), although a post-test inspection revealed 

A that portions of the strip had worn off. In general, the design and fabrication 

■ techniques used for this model were more than adequate for models being tested in a 

cryogenic environment. 


I* 





CONCLUDING REMARKS 

A wind-tunnel investigation, which represents the final NASA/U.S. industry two- 
dimensional airfoil study in the Advanced Technology Airfoil Tests (ATAT) program, 
has been conducted in the Langley 0.3-Meter Transonic Cyrogenic Tunnel. Integrated 
forces and moments are presented? however, pressure distributions are not presente 
This investigation was designed to test a Douglas advanced- technology airfoil. 
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Douglas objectives in the program were somewhat different from other ATAT partici- 
pants, since they had experience in testing transonic airfoils at cryogenic condi- 
tions in the pilot cryogenic wind tunnel at Douglas. In addition, they already had a 
high Reynolds number data base on this airfoil from extensive testing with sidewall 
boundary layer at the National Aeronautical Establishment (NAE) in Canada. There- 
fore, the Douglas ATAT program focused on evaluating sidewall-boundary-layer effects 
on the airfoil performance characteristics by systematically varying Mach number, 
Reynolds number, and sidewall-boundary- layer removal. 

All the objectives of this cooperative test were met. Limited analysis of the 
data indicated the following general conclusions: 

1. Increasing Reynolds number generally increased normal force and nose-down 
pitching moment and, in general, decreased drag force. Drag creep, for Mach numbers 
greater than 0.7 at the two highest normal forces, increased as the Reynolds number 
decreased. 

2. Increasing Mach number indicated the expected results, such as increased 
normal- force slope, increased nose-down pitching moment, and increased drag force. 


3. The boundary- layer transition strips appeared to adequately trip the flow at 
a Reynolds number of 6.0 x 10 6 . However, for the lower normal forces, the drag force 
for free transition was greater than for fixed transition. At a Reynolds number 

of 15.0 x 10 6 the free- and fixed- transition drag levels were virtually the same. 

4. The spanwise measurement of drag in the wake of the airfoil indicated that 
two-dimensional flow was obtained at the higher Reynolds numbers. For the high- 
angle-of-attack postseparation conditions, the spanwise distributions become less 
two-dimensional . 

5. A limited amount of data (at M » 0.730 and R * 15.0 x 10^) indicated that 
the repeatability of these data is good except for the drag above a normal force of 
about 0.70. 

6. The sidewall-boundary-layer removal resulted in a slight decrease in the 
normal force and nose— down pitching moment. The drag-rise characteristics obtained 
without sidewall— boundary— layer removal are more favorable than those with removal, 
indicating an increase in the effective (i.e., uncorrected) Mach number when no 
sidewall boundary layer is used. 

7. In general, the design and fabrication techniques used for this model were 
more than adequate for models being tested in a cryogenic environment. The model was 
structurally sound and remained dimensionally stable through repeated cryogenic 
cycling. 


NASA Langley Research Center 
Hampton, VA 23665-5225 
February 13, 1986 
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TABLE 4.- Continued 


,o, 


(a) Continued 


Point 


R X 10 


Run 28 M 


a « .001 


6.028 

6.036 

6.039 

6.032 

6.036 

6.030 

6.014 

6.014 

6.C16 

6.017 


-.148 

••130 

-.132 

-.131 

-.131 

-.131 

-.130 

-.149 

-.137 

-.163 


.01091 

.01031 

•01019 

•00994 

•00976 

.00980 

.01047 

.01313 

.01782 

•02439 


Run 29 M 


.001 <r 


3.983 

0.00 

-2.00 

3.980 

vJoGO 

-.99 

3.972 

0.00 

• 01 

3.969 

0*00 

• 31 

3.970 

0.00 

1.02 

3.964 

0.00 

1.31 

3.966 

0.00 

2.02 

3.937 

0.00 

2.02 

3.978 

0.00 

2.32 

3.968 

0.00 

3.03 

3.971 

0.00 

3.32 

Run 30 M 

- .765 

<r » .ooi 


6 

6.001 

6*003 

6.011 

6.010 


107 

260 

410 

488 

372 

631 

731 

730 

860 


.947 

1.013 




•01279 

.01140 

.01043 

.01011 

.01004 

.01030 

•01146 

•01139 

•01443 

.01934 

.02907 


•01337 

.01187 

.01084 

.01064 

.01060 

.01111 

.01441 

»0*.923 

.02830 

.04837 

.04426 


1 






























TABLE 4.- Continued 


(a) Continued 


Point 

M 

R x 10 “ 6 

™bl 



Run 31 M 


a = .001 ar 



007 

019 
010 

020 
012 
023 
031 
920 
018 


6.016 



• 1 167 

• .1 74 

«. 1 A A 


.01398 

•01273 

.01161 

.01136 

•01264 

.01733 

•02676 

•03964 

•04228 

•09696 




19.091 

19.029 

14.960 

14.966 

19.002 

14.944 

14.996 

14.070 

14.893 

14.932 

14.919 



139 
144 
369 
482 
.992 
<690 
• 702 
.796 
.813 
.923 
1.022 




.00796 

.00787 

•06803 

.00816 

.00822 

.09837 

.00892 

.00903 

.01093 


Run 23 M * 


<T «■ .001 C T. 



14.928 

14.924 

14.919 

14.879 

14,913 

14.927 

14.909 

14.912 

14.884 

14.899 



.00839 

.00818 

•00817 

.00828 

•00842 

.00893 

.00878 

.00946 

.01316 

•02167 




























































Point 


M 


R x 10 


-6 


m 


bl 


m 


Run 21 M = .701 <T = .001 C m = -.001 


183 

.700 

14.813 

1.00 

16 * 

.702 

14<658 

1.00 

165 

.701 

14.845 

1.00 

166 

.701 

14.847 

1.00 

187 

.700 

14.827 

1.00 

188 

.702 

14.860 

1.00 

189 

.700 

14.830 

1.00 

190 

.699 

14.626 

1.00 

191 

.700 

14.847 

1.00 

192 

.701 

14.649 

o 

o 

• 


- 1.00 

■mi 

-.146 

.00879 

-.01 


-.149 

•00869 

.49 

mtssm 

-.148 

.00866 

1.01 

EBB 

-.149 

.00873 

1.52 

B mm 

-.148 

.00877 

2.03 

■□Sg 

-.148 

.00902 

2.53 

Bzzfl 

-.145 

.00966 

3.01 

.827 

-.143 

.01117 

4.00 

1.001 

-.144 

.02036 

5.01 

1.160 

-.151 

.03692 


Run 22 M = .700 (T = .001 = -.002 


194 

BB 

14.616 


195 

ica 

14.890 

■s * 

196 


14.834 

1.50 

197 

.700 

14.816 

1.50 

198 

.700 

14.831 

1 . 50 

199 

.701 

14.843 

1.50 

200 

.701 

14.845 

1.50 

201 

.699 

14.815 

1.50 

202 

.698 

14.831 

1.50 

203 

.699 

14.814 

1.50 


-.99 

■B 

-.145 

.00863 

.01 

MEM 

-.148 

.00861 

.52 

8SH 

-.148 

.00860 


■Bill 

-.148 

• 00066 


WSSSm 

-.148 

.00868 


BiSB 

-.147 

.00889 



-.146 

.00955 


ft 1 :;, -* 

-.142 

.01120 

4.03 


-.142 

.01910 

5 . C 3 

BB 

-.149 

•03567 


Run 32 M = .730 O' = .002 m « .002 


305 

.733 

14 , 

,997 

0.00 

306 

.732 

14 , 

, 967 

0.00 

307 

.730 

14 , 

,922 

0.00 

308 

.731 

14 , 

► 912 

0.00 

309 

.730 

14 , 

,860 

0.00 

310 

.72 8 

14 , 

,835 

0.00 

311 

.730 

14 , 

,888 

0.00 

313 

.732 

14 , 

*913 

0.00 

314 

.729 

14 , 

,683 

0.00 

315 

.728 

14 , 

.875 

0.00 


-.94 

mm 

■Bl 

.00895 

-.51 

mum 


•00890 

.01 

wsEma. 

Em 

.00883 

. 54 

.484 

■ 

.00881 

if * 

.557 

igSfTTM 

.00892 


.632 

-.152 

.00908 

FT * 

.718 

-.151 

.00991 


.610 

-.153 

.01227 

3.03 

.900 

-.155 

.01650 

3.53 

.995 

-.163 

.02293 


Run 46 M = .732 O* = .001 <T m 


.732 
. 730 
.733 


0.00 

0.00 

0.C0 


.01 

1.02 

2.96 


-.001 


'45 

446 

44 7 


14.924 

14.930 

14.971 


410 

593 

899 


51 

52 
57 


.00887 

.00887 

.01586 

































TABLE 4.- Continued 


(a) Continued 


Point 

M 

R x 10 “ 6 

™bl 





14.892 

14.919 

14.908 

14.911 

14.911 

14.886 

14.891 

14.890 

14.931 

14.940 


Run 34 M « 730 




14.840 
14.837 

14.841 
14.829 
14.860 

14.842 
14.836 
14.820 
14.860 
14.736 





.00885 

.00878 

.00877 

.00879 

.00885 

.00889 

.00922 

.01056 

.01429 

.01969 



.00920 

.00903 

.00903 

.00901 

.00908 

.00911 

.00940 

.01095 

.01360 

.01954 


Run 35 and Run 36 M 


.751 O* = .001 


< r m - -.001 



15.014 
15.009 
15.012 
15.016 

15.015 
15.020 
14.998 

15.004 

15.005 
14.930 



.00948 

.00919 

.00904 

.00908 

.00913 

.00949 

.01064 

.01438 

.01972 

.02880 


























TABLE 4.- Continued 


(a) Continued 


M I R X 10 



c n c m 



Run 37 and Run 38 


- .750 cr = ,002 cr _ = .005 




14.761 

14.767 

14.783 

14.787 

14.785 

14.792 

14.747 

14.745 

14.774 

14.839 



Run 39 M = .750 <x = 


•° 01 a m = -002 


14.775 

14.752 

14.762 

14.772 

14.779 

14.779 

14.765 

14.768 

14.779 

14.802 



.00977 

•00946 

.00936 

.00936 

.00934 

.00960 

.01024 

•01255 

.01777 

.02821 


.00973 

•00938 

*00922 

.00916 

•00930 

•00952 

•01028 

•01278 

•01701 

.02474 


Run 40 M = .766 <r = .001 <r = .002 


14,949 

14,990 

14.963 

14.945 

14.961 

14.985 

14.998 

14.998 

14.968 

14.987 


“ 2.01 
-•98 
• 02 
• 51 
1.00 
1.50 
2.03 

2.52 
3*03 

3.52 


-.148 

-.153 

-.158 

-.159 

-.161 

-.171 

-.178 

-.184 

-.187 

-.180 


•00982 

•00947 

.00927 

•00929 

•00951 

•01094 

.01490 

.02086 

.02739 

.03768 



















TABLE 4.- Continued 


(a) Continued 


Point 

M 

R x 10 6 

™bl 

a 

c n 

c m 




Run 41 M = .765 ( T = 


14.786 

14.831 

14.836 

14.860 

14.834 

14.805 

14.844 

14.852 

14.829 

14.869 


.002 <T m = -.003 





-.184 

-.182 


•00995 

•00961 

•00952 

•00957 

.00961 

.01006 

.01280 

.01790 

•02354 

•03441 


Run 42 M * .764 <T = 


.002 <T m = .005 



14.746 

14.813 

14.731 

14.757 

14.764 

14.788 

14.759 
14.744 

14.760 
14.798 
14.798 



.00984 

.00965 

.00932 

•00935 

•00939 

.00946 

.00986 

•01157 

.01582 

•02258 

.02983 



Run 43 M 


14.943 
14.941 
14.938 

14.944 
14.967 
14.937 
14.958 
14.955 
14.970 
14.963 


.781 <T - 


.001 € T m = .002 



-2.00 

Bn 

-.98 

mSSSm 

.03 

■ml 

.53 

.525 

1.03 

.621 

1.52 

.697 

2.00 

.763 

2.54 

.801 

3.01 

.834 

3.51 

i 

.833 



.01065 

.00994 

•00967 

.00997 

.01194 

•01575 

.02273 

•02958 

.03497 

•04805 
































TABLE 4.- Continued 


(a) Continued 


Point 

M 

R x 10 “ 6 

*bl 




Run 44 M = jqq <X = 


.002 <T m = -.004 


76 

14.897 

1.00 

- 2.00 

I . 

78 

14*911 

1.00 

-.97 


79 

14.905 

1.00 

• 01 

|g||J 2 '■ ^Mfl 

79 

14.843 

1.00 

• 50 

mm , i r^HEis 

80 

14.808 

1*00 

1.01 

.593 

80 

14*812 

1.00 

1.52 

.681 

80 

14*816 

1*00 

2.02 

.745 

81 

14*836 

1*00 

2.53 

.806 

83 

14 * 835 

1*00 

3.01 

.804 

82 

14*840 

1*00 

3.53 

• 026 


-.170 

-.177 

-.183 

-.185 

-.178 

-.173 


•01082 

.01005 

•00986 

.00993 

.01181 

.01502 

•01965 

.02716 

.03274 

.04299 


Run 45 M = 


= .002 cr m = .004 


14.803 

14.808 

14.810 

14.801 

14.792 

14.789 

14.795 

14.703 

14.733 

14.740 


-.184 

-.180 

-.179 

-.175 


.01170 

.01032 

.01032 

•01067 

.01243 

•01531 

.01985 

.02552 

.03149 

.04259 


Run 1 M = .500 <x = 


0- m = -002 


29.944 

0.00 

29.882 

0.00 

30.003 

0.00 

29.952 

0.00 

29.910 

0.00 

29.970 

0.00 

29.990 

0.00 

30.015 

0.00 

30.023 

0.00 

29.908 

0.00 


143 
372 
489 
603 
655 
712 
765 
824 
931 
1.028 


28 

31 

32 

33 
-.133 
-.134 
-.133 
-.133 
-.131 
-.124 


.00741 

.00737 

.00731 

.00742 

.00749 

•00764 

.00776 

.00802 

•00848 

.01062 





























TABLE 4.- Continued 


(a) Continued 


Point 

M 

R x 10 “ 6 

™bl 




Run 2 M = .600 <r = 


29.839 

29.857 
29.891 

29.858 
29.848 
29.723 
29.618 

29.915 

29.916 
29.935 


.001 cr m = -.002 



.00728 

•00733 

•00740 

.00753 

•00766 

.00775 

•00801 

.00863 

•01294 

•02150 


Run 3 M = .596 = 



29.713 

29.729 

29.720 

29.691 

29.712 

29.703 

29.712 

29.708 

29.708 

29.720 



.00749 

.00735 

•00747 

.00760 

.00770 

.00783 

•00813 

.00876 

.01240 

•02021 



Run 4 and Run 5 M = .701 


29.973 

29.972 

29.944 

29.976 

29.983 

29.996 

29.912 

29.908 

29.914 

29.911 



.000 < r m = .000 


-.152 

-.153 

-.152 

-.149 

-.148 

-.149 

-.156 


.00758 


.00778 


.00925 




















a 


;oj 


TABLE 4.- Continued 


(a) Continued 


Point 


M I R x 10 6 I m 


c n c m 


Run 6 M = .700 cr = .001 


29.646 

29.638 

29.641 

29.668 

29.669 
29.661 
29.671 
29.666 
29.582 
29.438 


«Vn = 


94 

25 

98 


.561 
• 632 
.705 
.769 
.844 
1.022 
1.103 


-.004 


•00772 

.00777 

.00759 

.00771 

.00793 

.00818 

•00887 

.01071 

.02079 

.03699 


Run 7 M = .730 <T = .001 <r— = -.002 


30.092 

0.00 

30.109 

0.00 

30.032 

0.00 

30.023 

0.00 

30.008 

0.00 

29.954 

0.00 

29.956 

0.00 

30.003 

0.00 

29.891 

0*00 

29.840 

0.00 

29*856 

0.00 

Run 8 M = 

.730 a 

29.534 

1.00 

29.526 

1.00 

29.612 

1.00 

29.542 

1.00 

29.586 

1.00 

29.562 

1.00 

29.554 

1.00 

29.540 

1.00 

29.568 

1.00 

29.450 

1.00 


99 

49 
01 

50 
00 

50 
02 

51 


3.02 

3.49 

4.99 


296 
358 
428 
494 
572 
646 
733 
829 
918 
1.022 
1.196 


.ooi <r m «= .002 


•00793 

.00776 

.00791 

.00774 

•00792 

•00817 

.00858 

•01100 

.01457 

.02159 

•04339 


>00809 


















a 


TABLE 4.- Continued 


(a) Continued 


| Point 

M 

R x 10 “ 6 

*bl 

a 

c n 

c m 


Run 9 M = 


80 

sn 

29.976 

0.00 

81 

ttjts 

30.013 

o.oc 

82 

KISS 

30.016 

o.oc 

84 

.754 

29.877 

0.00 

85 

.754 

29 * 852 

0.00 

86 

.751 

29.803 

0.00 

87 

.750 

29.793 

0.00 

88 

.750 

29.774 

0.00 

89 

• 752 

29.817 

0.00 

90 

.752 

29 « 856 

0.00 

91 

.752 

29.857 

0.00 


Run 12 

and Run 13 

M = .1 


29.727 

29.650 

29.690 

29.702 

29.655 

29.604 

29.626 

29.805 

29.695 

29.720 


C = .001 


- 2.00 
- 1.01 
.03 
.51 
.51 


■n 

-.155 

.00846 


-.159 

.00818 

mSSm 

-.162 

.00811 


-.163 

.00020 

wSm 

-.162 

.00801 

.590 

-.163 

•00833 

.676 

-.163 

•00856 

.775 

-• 168 

.01003 

.871 

-.176 

•01429 

.957 

-.188 

.02063 

1.022 

-.192 

.02879 


= .749 a = 


= -.003 




• 316 

• 387 

• 667 

• 753 

• 851 

• 924 
1*002 


•00643 

•00843 

• 0 C 615 

•00623 

•00623 

•00848 

•00970 

•01272 

•01670 

•02476 


Run 14 and Run 15 


or m = -.004 


29*818 

0.00 

29.784 

0.00 

29.798 

0.00 

30.067 

0.00 

30.084 

0.00 

29.973 

0.00 

29,987 

0.00 

29.982 

0.00 

30.047 

0.00 

29.922 

0.00 


0869 
0636 
0840 
•00850 
•00872 
0953 
•01292 
1669 
2716 
3274 























, JR*) 


TABLE 4.- Continued 


(a) Concluded 


Point M R x 10 


Run 16 M = 


= .002 O’- = 


• 763 

29.651 

1.00 

.764 

29.697 

1.00 

.765 

29.699 

1.00 

.763 

29.614 

1.00 

.762 

29.569 

1.00 

.760 

29.552 

1.00 

. 764 

29.576 

1.00 

.763 

29.638 

1.00 

.764 

29.557 

1.00 

.765 

29.510 

1.00 



•00883 


•00855 


.00861 


.00851 


•00876 


.00931 


.01351 


.01919 


.02460 


.03289 


Run 17 M = .780 <r = .001 


29.918 

0.00 

29.965 

0.00 

29.699 

0.00 

29.654 

0.00 

29.894 

0.00 

29.920 

0.00 

29.964 

0.00 

29.930 

0.00 

29.970 

0.00 

29.940 

0.00 

jnd Run 19 

M = .78 

29.569 

1.00 

29.628 

1*00 

29.632 

1.00 

29.657 

1.00 

29.666 

1.00 

29.664 

1.00 

29.727 

1.00 

29.624 

1.00 

29.721 

1.00 

29.706 

1.00 


- 2.00 
- 1.00 
.00 
• 50 
01 

1.51 
2.03 

2.51 
3.00 
3.53 


-.162 

-.166 

-.171 

-.176 

-.181 

-.189 

-.193 

-.193 

-.188 

-.183 


.002 = -.004 


.03466 

.04391 


-.162 

.00954 

-.169 

.00927 

-.175 

.90954 

-.178 

.01037 

-.181 

.31215 

-.187 

.01565 

-.190 

.02207 

-.190 

.02677 

-.184 

.03588 

-.184 

.04100 



























































TABLE 4.- Continued 


(b) Continued 


Point 



R x 10 “ 6 m 



Run 53 M - .730 <T . .ooi O', 



.01006 

•01039 

•01010 

•01017 

•01014 

•01017 

•01063 

•01227 

•01900 

•02116 


Run 54 M = 


.730 <r = .001 cr m = 



“•130 

-.139 

-.140 

-.140 

-.139 

-.130 

-•141 

-.149 


•01023 

•01009 

•01006 

•00999 

•01007 

•01006 

•01041 

•01179 

•01497 

•01947 


Run 58 M 


.752 (T« .001 O' 



-.147 

-.191 

-.169 

-.171 


.01027 

•01004 

.00914 

•00999 

•01009 

•01047 

•01149 

•01432 

.01924 

•02671 






































> 


TABLE 4 . - Continued 


(b) Continued 


Point 


R x 10 


Run 59 M - .782 C r « .001 O’. 


5 
5 
5 

5.996 

5.997 

5.998 
6.002 
6.006 
5.998 
6.008 


-.182 

-.137 

-.166 

-.14? 

-.151 

-.159 

-.168 

-.170 

-.170 

-.164 


.01176 

•01088 

.01087 

.01088 

•01158 

.01415 

.01983 

.02678 

.03180 

.04206 


Run 60 M ■ .732 O' = .ooi O’, 


ii 

15.029 

0.00 


15.046 

0.00 


15.012 

0.00 

lit ! L 

14.997 

0.00 

.732 

15.015 

0.00 

.731 

15.013 

0.00 

.731 

14.985 

0.00 

.733 

15.008 

0.00 

.733 

15.007 

0.00 

.733 

14.981 

0.00 

.734 

15.002 

0.00 


-.152 

-.152 

-.158 

-.167 


.00913 

.00900 

•00909 

•00880 

.00882 

.00886 

•00908 

.00986 

.01257 

•01689 

•02370 


Run 48 M 


.731 

15.006 

0.00 

• 732 

14,966 

0.00 

• 730 

14.941 

0.00 

.731 

14.953 

0.00 

.732 

14.969 

0.00 

.732 

14.968 

0.00 

.730 

14.944 

0.00 

.731 

14.961 

0.00 

.731 

14.956 

0.00 

.730 

14.952 

0.00 


.001 <T m 


-.152 

-.152 

-.154 

-.160 

-.166 


•01036 

•01370 

•01885 

•02518 


m 
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(a) 0.5 5 M < 0.73. 

Figure 10.- Spanwise drag of airfoil with free transition for 
several Mach numbers at R - 6.0 x 10 6 and * 0. 
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Figure 10.- Concluded 
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Figure 11.- Spanwise drag of airfoil with free transition for 
several Mach numbers at R ■ 15.0 x 10^ and bv.. ■ 0. 
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Figure 12.- Spanwise drag of airfoil with free transition for 
several Mach numbers at R « 30.0 x 10^ and = 0. 
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Figure 13.* Spanwise drag of airfoil with free transition for 
several Reynolds numbers at M - 0.500 and m bl =0. 
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Figure 14.- Spanwise drag of airfoil with free transition for 
several Reynolds numbers at M » 0.600 and A, = 0 
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Figure 17.- Spanwise drag of airfoil with free transition for 
several Reynolds numbers at M » 0.750 and m K1 » 0. 
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Figure 19.- Spanwise drag of airfoil with free 
transition for several Reynolds numbers at 
M * 0.780 and ■ 0. 
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Figure 21.- Concluded. 
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Figure 22.- Concluded. 




i - _ 








Transition free 


M * 0.73 


IjaffffTfffllllliiilllllllll 


Transition fixed 


mmm 


HfiBi 


M * 0.73 


iiiyiiHliiiiillijliiliiiiiriiiiili 


immmmmmamwmBmmmmmmrni 


.8 -.6 


-.8 -.6 


liiiiiiiiiiiiipiiiiii 


M * 0.765 


M * 0.765 


Kflimvl 

isiiiisiia 


;ilBgaBi=5=a=iBI!il 

UBBiHBB 

jOj lisilliisisl 


ppsaiiiiiiiia 

liliiiiiilbilflH 

■emmbW W 

ijiiiiiPffiiiiiJiiiliiil 


Figure 23.- Comparison of spanwise drag of airfoil with free and fixed 
transition for two Mach numbers at R * 15.0 x 10 6 and m, . = 0. 
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Figure 63.- Effect of si dewall-boundary- layer removal on aerodynamic 
of airfoil with free transition at M » 0.600 and R * 30.0 







Figure 64.- Effect of sidewall-boundary- layer removal on aerodynamic characteristics 
of airfoil with free transition at M * 0.700 and R « 30.0 x 10^. 
























Figure 71.- Effect of Reynolds number on variation of section 
drag coefficient with Mach number with no sidewall-boundary 
layer removal. (Solid symbols indicated fixed transition? 
open symbols indicate free transition.) 
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(a) R ■ 6.0 * 10^ (solid symbols indicate free transition; 
open symbols indicate fixed transition) . 

Figure 72.- Effect of sidewall-boundary-layer removal on "*r(*tion of 
section drag coefficient with Mach number. 
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